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The development of anti-human immunodeficiency virus (anti-HIV) neutralizing antibodies and the evolu-
tion of the viral envelope glycoprotein were monitored in rhesus macaques infected with a CCR5-tropic
simian/human immunodeficiency virus (SHIV), SHIV g ¢,p4- Homologous neutralizing antibodies developed
within the first month of infection in the majority of animals, and their titers were independent of the extent
and duration of viral replication during chronic infection. The appearance of homologous neutralizing anti-
body responses was preceded by the appearance of amino acid changes in specific variable and conserved
regions of gp120. Amino acid changes first appeared in the V1, V2, C2, and V3 regions and subsequently in the
C3, V4, and V5 regions. Heterologous neutralizing antibody responses developed over time only in animals with
sustained plasma viremia. Within 2 years postinfection the breadth of these responses was as broad as that
observed in certain patients infected with HIV type 1 (HIV-1) for over a decade. Despite the development of
broad anti-HIV-1 neutralizing antibody responses, viral replication persisted in these animals due to viral
escape. Our studies indicate that cross-reactive neutralizing antibodies are elicited in a subset of SHIVg 6p4
infected macaques and that their development requires continuous viral replication for extended periods of
time. More importantly, their late appearance does not prevent progression to disease. The availability of an
animal model where cross-reactive anti-HIV neutralizing antibodies are developed may facilitate the identifi-

cation of virologic and immunologic factors conducive to the development of such antibodies.

Most patients infected with the human immunodeficiency
virus (HIV) gradually develop homologous serum neutralizing
antibody responses (37), but only a small fraction of patients
develop broadly reactive serum neutralizing antibody re-
sponses capable of neutralizing diverse heterologous primary
HIV isolates (29). Monoclonal antibodies (MAbs), isolated
from HIV-infected patients, with broad neutralizing activity
were shown to inhibit the infection of diverse HIV type 1
(HIV-1) strains in vitro (2), protect nonhuman primates from
experimental infection with simian/human immunodeficiency
viruses (SHIVs) (1, 26, 34, 42), and delay the rebound of
HIV-replication in patients undergoing structured antiretrovi-
ral treatment interruption (43). It is hoped that the develop-
ment of broad and potent neutralizing antibody responses by
vaccination will protect the vaccinees from infection by HIV.

Why only a small percentage of HIV-1l-infected patients
develop broadly reactive anti-HIV neutralizing antibodies
(NAbs) is not currently understood. Specifically, the features
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of the immune system of the infected patient and of the phe-
notype of the infecting virus that are conducive to the devel-
opment of broadly reactive NAbs are unknown. For example,
it is possible that the development of broadly reactive NAbs
during HIV infection is related to the duration of viral repli-
cation, the extent of viral replication, the degree of viral env
evolution during infection, or the appearance during infection
of specific Env forms. These possibilities (which are not mu-
tually exclusive) are not easily addressable by studying HIV
infection in humans, since the time of infection is not known in
most cases, and thus little information is available regarding
the early infecting virus. Also, humans who have been infected
with HIV for extended periods of time typically undergo anti-
retroviral therapy, which limits viral replication and may
hinder the development of NAbs by reducing antigenic stim-
ulation.

The SHIV/macaque animal model of infection has been
used extensively as a surrogate for the human/HIV infection to
examine transmission and pathogenesis, as well as for the test-
ing of vaccination and therapeutic methodologies. In this
model, both the time of infection and the phenotypic proper-
ties of the infecting virus are known. The vast majority of these
studies have been conducted with SHIVs that utilize the
CXCR4 rather than CCRS coreceptor utilized by HIV in most
cases of transmission (8, 16, 18, 24, 36). CXCR4-tropic SHIVs
rapidly induce a profound and sustained depletion of CD4" T



VoL. 81, 2007

lymphocytes. As a result, disease develops usually within 12
months after infection and during this short time, cross-reac-
tive anti-HIV NAbs are not readily developed (11, 28). There-
fore, an animal model where cross-reactive anti-HIV neutral-
izing antibody responses are generated has not yet been
described.

Here we monitored plasma viremia levels, peripheral CD4™*
T-cell numbers, the amino acid changes introduced in the viral
Env during the course of infection and the development of
homologous and heterologous NAbs in rhesus macaques in-
fected with the CCRS-tropic SHIV, SHIVgg 4,ps (15). Ma-
caques infected with SHIV g 6,p, do not experience a rapid
and sustained loss of their peripheral CD4" T lymphocytes
within a few weeks after infection and do not display any
obvious signs of disease for extended periods of time, often
many years. Because of the extended length of the asymptom-
atic phase of infection in these latter animals, it is feasible to
monitor for extended periods of time the longitudinal devel-
opment of NAb responses, as well as the evolution of the viral
env. Here, we report that SHIV g, 4,ps-infected macaques can
develop broad anti-HIV NAb responses during infection. The
availability of an animal model where cross-reactive anti-HIV
NADs are developed may allow us to address more systemati-
cally some of the questions related to the development of
broadly reactive NAbs in HIV-infected humans.

MATERIALS AND METHODS

Animals and virus challenge. Rhesus macaques of Indian origin were housed
at the Tulane and Washington National Primate Research Centers. Animals
were challenged by the intra venous route with 100 50% tissue culture infective
doses of cell-free SHIVgg6,p4 virus. Plasma viremia was monitored by the
b-DNA assay (Bayer), and the CD4" T lymphocyte numbers were determined by
standard techniques (5). The animals described here served as nonimmunized
controls for three independent studies (5, 10, 45), and therefore they were not
challenged at the same time and were not monitored for the same period of time.
Some of these animals (AT54, A141, and C640) were euthanized when they
developed AIDS, whereas others were euthanized at earlier time points due to
the specifics of the study these animals were part of.

HIV-1-infected patients. The long-term nonprogressor cohort includes HIV-
I-infected patients recruited at the Fred Hutchinson Cancer Research Center
HIV Vaccine Trials unit since 1997. Criteria for enrollment included docu-
mented seropositivity for more than 10 years and CD4" T-cell counts of either
=600 cells/wl or >500 cells/ul with slope zero or positive over the previous 2
years.

PCR amplification, cloning, and sequencing of the viral envelope from PBMC.
Genomic DNA was extracted from 5 X 10° peripheral blood mononuclear cells
(PBMC), and the gp120 or gp140 portion of the viral envelope was amplified by
nested PCR: the first reaction used the primers E0 (5'-TAGAGCCCTGGAAG
CATCCAGGAAGT CAGCCTA-3") and env 6R (5'-CTTGCCCACTTATCCA
ATTC-3") or EO and env 8R (5'-CACAATCCTCGCTGCAATCAAG-3') and
the second reaction used the primers gpl160F (5'-GGACCATAGTGTACATA
GAATACAG-3') and Gmb (5'-CTCTCTTCTCTTTGCCTT-3'). The products
were then cloned into the pCR3.1 eukaryotic TA bidirectional expression vector
(Invitrogen) or the pCR2.1-TOPO vector (Invitrogen) and transformed into
chemically competent DH5« cells, and the resulting clones were screened for the
presence of inserts. Plasmid DNA was prepared by using the QIAGEN miniprep
kit, and the V1 to V5 region of the clones was sequenced with the primers Gmb
and 216 (5'-AACCCACAAGAAATAGTATTG-3").

PCR amplification, cloning, and sequencing of viral envelope from plasma.
Viral RNA was isolated from plasma and reverse transcribed by using oligo(dT)
and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA). Transcripts
were amplified via two rounds of PCR with AccuPrime Pfx SuperMix (Invitro-
gen). First-round PCR was done with the primers E0 and E01 (5'-TCCAGTC
CCCCCTTTTCTTTTAAAAA-3'), followed by nested PCR with the primers
Nhel62F (5'-GGGATGTTGATGATCTGTGCTAGCGTAGAAAAATTGTG
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GGTCAC) and Clal60R (5'-GACCACTTGCCATCGATGTTATAGCAAAG
CCQC).

Subcloning of the HIV Env into a DNA expression vector and generation of
single round competent viral particles. The method used to generate viral
particles expressing Envelopes from viruses circulating in the blood of infected
macaques during the course of infection was similar to that previously reported
by Richman et al. (37). The above-mentioned PCR products were double di-
gested with Nhel and Clal and purified from agarose gel using a QIAquick gel
extraction kit (QIAGEN), and the fragments were cloned into the pPEMC* vector
(35). The inserted env was sequenced with primers 216 (forward primer, 5'-AA
CCCACAAGAAATAGTATTG-3") and Env6R (reverse primer, 5'-CTTGCCC
ACTTATCCAATTC-3"). pPEMC* vectors expressing the various Envs were used
to generate single-round replication-competent viruses as previously described
(40).

MAbs. The anti-V3 MAb 447D, which binds to the V3 loop of gp120, was
provided by M. Gorny and S. Zolla-Pazner (NYU Medical Center) (9, 13, 14).
The immunoglobulin G1b12 MAb, which binds to an epitope overlapping the
CD4-binding site (7, 33), was obtained from the AIDS Research and Reference
Reagent Program (National Institutes of Health/National Institute of Allergy
and Infectious Disease). MAb 2G12, which binds to an epitope formed by
mannose residues (39, 41), and MAb 2F5, which binds to an epitope in the
extracellular region of gp41 (47), were purchased from Polymun Scientific. The
anti-V1 loop MAb P3C8 and the anti-V3 loop MADb P3E1 were recently isolated
by our group from mice immunized with SF162-derived gp140 proteins (N. R.
Derby et al., unpublished data).

Determination of serum neutralizing activity and viral escape. Neutralization
assays using replication-competent SHIVgg,4p4 (grown in human PBMC) and
activated human PBMC as target cells were performed as previously described
(27). Neutralization assays using single-round competent viruses expressing dif-
ferent HIV-1 Env and TZM-bl cells as targets were performed as previously
described (10, 40). Escape from serum antibody neutralization was evaluated by
incubating sera collected at different times during infection, or known MAbs,
with single-round competent virions expressing Env cloned from virus present in
the plasma. To evaluate the neutralization susceptibility of the virus circulating
in the animals, several Env clones were amplified from different times during
infection. Single-round viruses were generated with all amplified Env clones, and
the viruses were tested as a pool against the sera or MAbs.

RESULTS

Viral replication in SHIVgy, s, ps-infected macaques. The
replication kinetics of SHIV g 4,p4 in rhesus macaques chal-
lenged intravenously with cell-free virus are summarized in
Fig. 1A. These animals (12 total) were used as immunized
controls is several immunization studies (5, 10, 45). They were
challenged at different times and were monitored for different
periods of time. High viral load titers (5 X 10° to 5 X 10" RNA
copies per ml of plasma) were observed in all animals during
primary infection. However, after acute infection, approxi-
mately half of the animals effectively controlled viral replica-
tion in the periphery. The remaining animals (colored lines)
displayed distinct levels of plasma viremia during chronic in-
fection. Animal AT54 had sustained high viremia (above 10°
RNA copies per ml) and developed AIDS within 110 days
postinfection (dpi) (5). Animal C640 had persistent plasma
viremia (approximately 10° RNA copies per ml) for the dura-
tion of the observation and was euthanized at 643 dpi due to
AIDS (5). Animal A141 also had detectable plasma viremia for
an extended period of time, but at levels that gradually de-
creased over time. It was euthanized at 670 dpi, at a time when
it experienced a significant drop of CD4 " T-cell numbers (Fig.
1B) in the periphery and in lymph nodes (data not shown). A
fourth animal, A03065, also had high plasma viremia after
acute infection but was only monitored for 196 dpi, during
which period the peripheral CD4" T-lymphocyte numbers re-
mained relatively stable. Animal A03102 had very low levels of
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FIG. 1. Plasma viremia and CD4" T-lymphocyte numbers in SHIVgp4,ps-infected rhesus macaques. (A) Plasma viremia was determined by the
b-DNA assay (Bayer). In most cases, the limit of detection was 125 RNA copies per ml of plasma (dashed line). For animals AT54, A141, C640,
and M844 the limit of detection for the first 500 days of infection was 500 RNA copies per ml of plasma (dashed line). (B) The numbers of CD3™
CD4" T lymphocytes in the blood of these animals were determined longitudinally throughout infection.

plasma viremia (between 200 and 500 RNA copies per ml)
after acute infection. The levels of SHIV gy 4,p4 replication did
not appear to be related to the presence of HLA genotypes
that have been associated with disease protection in previous
studies (31, 46). For example, animal C640 was MamuA*01,
animal A141 was MamuA*08/MamuB*01, while animals AT54
and M844 were MamuA*08.

Development of homologous neutralizing antibodies. Anti-
SHIVgp 6204 NAbs developed in all animals, with the excep-
tion of animal AT54 (Table 1). Animals C640, Al41, and
A03065, which were three of four animals with persistent high
(above 10°> RNA copies per ml) plasma viremia levels, devel-
oped very high titers of homologous NAbs against the chal-
lenge virus within a month or two after infection. Animal M844
had undetectable plasma viremia levels during chronic infec-
tion (up to 852 dpi) and had low but persistent titers of ho-

mologous NAbs. However, a clear relationship between the
titer of homologous NAbs and the levels of plasma viremia
during chronic infection was not obvious. For example, animal
A03102 had very low levels of plasma viremia (below 10° RNA
copies per ml) between days 56 and 197 (day of euthanasia)
after infection, and yet it developed higher titers of homolo-
gous NADs than animals C640, A141, and A03065, which all
had higher plasma viremia levels during chronic infection. On
the other hand, animal AT54, which had the highest levels of
plasma viremia after acute infection (Fig. 1A) and which rap-
idly progressed to AIDS, did not develop anti-SHIVggri62p4
NADs.

Development of heterologous neutralizing antibodies. We
next examined whether sera collected from the above-men-
tioned animals contained antibodies that could block infection
of heterologous HIV-1 isolates. A panel of single-round com-

TABLE 1. Development of homologous neutralizing antibody responses

Serum dilution? in animal:

M844 AT54 C640 Al41 A03065 A03099

A03100 A03101 A03102 AMI10 AMY4 AP18

0 ) ) Q) Q) () )
21 300

370
6,326

2,861 585
56 794 )] 12,836 8,143 1,174
27,117 939
140 14,147 1,468
145 18,876

171 204 7,723

197 14,510*
215 27,737

13,568

720*

244
643 3,190*
9,070*

852 250*

) ) ) ©) ) )

438
4,628

1,596
1,589

517
5,831 18,130

16,400*

5,600 3,675

4,533
5,653

1,360
1,705

>72,900
>72,900

58,159* 1,547* >72,900* 4,250% 1,650*

“The values represent the serum dilutions at which 50% inhibition of SHIVgg 4,p, infection (or HIV-1gg4, in the case of animals AM10, AM94, and AP18
neutralization) was recorded. (-), Neutralization was not detected at the highest serum concentration tested (1:10); *, Time of euthanasia.
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TABLE 2. Development of heterologous neutralizing antibody responses

% Inhibition (SD)*

Virus C640 Al41
A03065 (197 dpi) AT54 (111 dpi)
304 dpi 643 dpi 214 dpi 670 dpi

SF162 98 (0.5) 99 (0.5) 99 (0.5) 97 (3) 96.5 (3) 325(4)
ADA 61.5 (7) 81 (6) 23 (10.5) 28 (3) 25 (10) 11 (10)
JRFL 99 (0.5) 95 (4) 37 (18) 42 (4) 23 (12) 2(2)
YU2 53 (7) 87 (2) 34 (26) 34 (2) 50) 22(2)
89.6 71 (4) 71 (15) 71 (12) 90 (2) 84 (5) 303)
HxB2 93 (3) 98 (0) 94 (3) NT 97 (2) NT
3988 12 (32) 65 (9) 5 (40) 45 (2.5) 3(2) 22 (5)
6101 10 (6) 53 (13) 5(8) 57.0 (6.5) 5(8) NT
6535 63 (14) 95 (3) 70 (5) 70 (8) 66.5 (4) 5(8)
PVO.4 42.5 (11) 65 (6) 14 (21) 37(5) 6(8) 38 (10)
QHO0692.42 38.5(12) 59 (10) 29 (17.5) 75 (30) 9(14) 12 (0.5)
REJO.67 21 (10) 53 (22) 24 (31) 68 (3) 8(12) 13.5 (1.5)
SC422661.8 4(35) 76 (2) 1(55) 47.0 (6.0) 3(2) 30 (9)
SS1196.1 86 (6.5) 77 (17) 62 (10) 91 (0.5) 97 (2) 4(8)
TROI11 20.5 (33) 66 (6) 3(47) 53 (6.5) 6(2) 8.5(5)
TRJO 23.5(26) 56 (9) 58 (28) 28.0 (18.5) 50) 10 (6)
5768 4.0 (27) 44 (15) 8 (49) 23 (5) 7(9) 6(7)
7165 6(9) 40 (16) 20 (33) 63 (31) 50) 6 (10)
AR29 15 (13) 28 (5) 27 (26) 37(7) 6 (1) 16 (7)
BG1168 10 (18) 40 (8) 8 (28) 38 (1) 4(7) 38 (4)
CAAN.A2 20 (16) 38(0.5) 4 (16) 35(4) 7(5) 3 (10)
QHO0515 40 (25) 40 (9) 14 (45) 37 (4) 8 (10) NT
RHPA 25 (20) 25(17) 2(27) 32(7) 6 (12) 8(8)
WITO 19 (13) 41 (7) 30 (28) 16 (12) 15 (12) 50)
MLV 10 (23) 9(21) 15 (20) 21 (16) 3(28) 35017)

“ The values are the percent inhibition of infection recorded at a single (1:20) serum dilution. The mean percent inhibition from two independent experiments is
shown. Murine leukemia virus (MLV) was used as a control for nonspecific neutralization. Neutralization was considered significant (values in boldface) when the value
was at least twice that obtained with the unrelated MLV virus and greater than 50%. *, Day of euthanasia; NT, not tested.

petent viruses expressing 23 heterologous HIV-1 Env was used
(Table 2). This panel was chosen because it represents the
diverse neutralization susceptibilities of primary HIV-1 clade
B isolates to polyclonal sera and MAbs (2, 23). SHIVgg6op4
expresses an Env whose amino acid sequence is similar to that
of HIV-14p 4, (data not shown) and, as a result, both HIV-
1sr162 and SHIV g, ¢op4 are equally highly susceptible to neu-
tralization by several neutralizing antibodies and heterologous
HIV-positive sera, as well as sera from macaques immunized
with SF162 Env-derived immunogens (2, 6). Therefore, for
these experiments we used SF162 as an internal control (i.e.,
homologous neutralization).

With the exception of animals C640, Al141, and A03065,
none of the other animals developed detectable heterologous
NAbs (Table 2 and data not shown). Sera collected from ani-
mal C640 at 304 dpi neutralized seven heterologous isolates,
while sera collected 643 dpi neutralized 15 heterologous iso-
lates, an indication that the breadth of neutralization was in-
creasing during infection in this animal. Sera from animal
A141 collected at 214 dpi neutralized four heterologous iso-
lates, while sera collected at 670 dpi could neutralize eight
heterologous isolates. Therefore, an increase in the breadth of
neutralization over time was also observed in animal Al41,
although the breadth of this cross-neutralizing response was
narrower than that seen in animal C640. Animal A03065 was
only monitored for 197 days, but sera collected at that time
neutralized four heterologous isolates. Therefore, cross-reac-
tive NAbs were beginning to be generated in this animal.

The breadth of serum NAbs present in animals C640 and

Al41 at the time of their death (643 and 670 dpi, respectively)
was compared to that of seven chronically infected HIV-1
patients (Table 3). These patients participate in a long-term
nonprogressor study. The median viral load in these patients
ranged from undetectable to 5.1 log,,. The breadth of neutral-
ization was evaluated against the same panel of heterologous
isolates described above. Plasma from animals C640 and A141
neutralized 65 and 30%, respectively, of the heterologous vi-
ruses tested. Plasma from only one of the seven patients neu-
tralized more than 50% of the heterologous isolates tested
(patient P4 neutralized 62% of the heterologous isolates
tested). Plasma from the remaining six patients neutralized
between 10 and 38% of the heterologous viruses tested. There-
fore, the breadth of the NAbs developed by these two animals
within 2 years of SHIVgg6,p, infection was similar (P =
0.3333; 95% confidence interval; unpaired ¢ test with Welch
correction) to that developed by the patients studied here
which were infected with HIV-1 for over a decade.

In a separate experiment the potency of the broadly reactive
NADs present in sera isolated from animals C640 and A141 at
the day of their death (643 dpi for animal C640 and 670 dpi for
animal A141) was evaluated against a second panel of heter-
ologous isolates, which included two laboratory-adapted iso-
lates (MN and NLA4-3) (Table 4). Sera from both animals
displayed comparable neutralization potency to those of an
HIV-infected patient (N16), which was used as internal control
during these experiments due to its broad serum anti-HIV
neutralizing antibody responses (2). Most of the isolates tested
were susceptible to neutralization by both C640 and A141 sera
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TABLE 3. Serum cross-reactive neutralizing antibody responses in SHIVgg¢,p4-infected macaques and HIV-1 chronically infected humans®

SHIV-infected

HIV-infected humans

Parameter macaques
C640 Al41 P2 P5 P10 P23 P11 P4 P14
Approximate duration 2 2 20 21 18 19 17 23 20
(in yr) of infection
Median viral load (log,,) 5 32 33 UD¢ UD UD 5.1 41 33
% Neutralization for virus
SF162 99 97 85 78 93 99 93 95 99
ADA 81 =) -) 40 =) 93 74 95 -)
JRFL 95 “) ) ) “) ©) 99 86 )
YU2 87 -) -) -) =) 55 73 80 -)
HXB2 98 -) 95 80 97 98 99 95
3988 65 ) ) ) =) 95 =) 99 )
6101 53 57 ) -) ) ) ) -) )
PVO4 65 ) ) ) =) ) =) )
QH 0692 59 75 -) -) ) -) 80 =) -)
REJO.67 53 68 -) -) =) -) =) 82 -)
SC422661 76 -) ) ) ) ) ) 94 )
SS 1196 77 91 -) 52 99 97 72 99 -)
TRO11 66 53 -) 95 ) -) ) 80 -)
TRJO 56 -) ) ) =) @) 80 93 )
5768 ) ) ) ) ) 76 ) 85 )
7165 ) 63 ) -) =) -) =) =) )
AR29 ) ) ) ) -) ) ) -) )
BG 1168 -) -) 75 -) 68 78 =) 80 -)
CAAN.A2 ) ) ) ) ) ) ) ) )
QH 0515 ) -) ) ) =) ) =) =) )
RHPA ) ) ) -) ) ) -) 98 )
Ratio? 13/20 6/20 3/21 5/21 4/21 8/21 8/21 13/21 2/21

¢ Sera from the indicated macaques (C640 and A141) and humans (P2, P5, P10, P23, P11, P4, and P14) were tested at a 1:20 dilution against the indicated viruses.

The percent neutralization values were recorded.
> _ neutralization was not detected.
¢ UD, undetectable viral load (<25 copies/ml).

4 The numbers at the bottom of the table indicate the numbers of heterologous isolates tested that were susceptible to neutralization by each serum/total number

of isolates tested.

although the titers against the two laboratory-adapted isolates
were higher than those against the primary isolates. Although
A141 and C640 sera had similar titers of NAbs against MN and
NL4-3, the C640 sera had higher titers of NAbs against all of
the other isolates tested.

TABLE 4. Relative titers of cross-reactive NAbs in macaque
and human sera

Serum dilution®

Virus

C640 (643 dpi) A141 (670 dpi) N16”
92HTS93 89 19 157
92HT59%4 50 28 20
92US712 221 116 152
BAL 476 131 305
BXO08 706 366 403
JRCSF 69 <10 234
MN 2,889 4,056 1,622
NL43 1,072 1,142 2,086
QZ5489 488 111 197
MLV 24 <10 14

“The values indicate the serum dilution that resulted in 50% inhibition of
infection. MLV was used as control for nonspecific neutralization. Neutralization
was considered significant (values in boldface) when the value was at least three
times the value obtained with the unrelated MLV virus. The dpi was the day at
which the animals were euthanized.

®N16 sera was from a chronically HIV-1-infected nonprogressor that devel-
oped broadly reactive anti-HIV-1 NAbs (2).

Viral escape from broadly reactive neutralizing antibodies.
Animal C640 developed the broadest anti-HIV neutralizing
antibody responses out of all of the animals tested (Tables 2
and 3), even though it did not develop the highest titers of

100000
10000
® B SF162
Q
= EZ3C640/304
E=1C640/643
1
10

304dpi
Serum Sample

178dpi 643dpi

FIG. 2. Viral escape from serum neutralization. Sera from animal
C640, collected at 304 and 643 dpi, were tested for their neutralizing
potential against SF162, and viruses isolated at 304 and 643 dpi (C640/
304 and C640/643, respectively). Serum dilutions at which 50% inhi-
bition of viral infection occurred (ICs,) are shown.
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TABLE 5. Neutralization phenotype of “early” and “late” viruses
from animal C640

MAD concn® (ug/ml)

MADb
Epitope” SF162 C640/304 C640/643

2G12 Gle 1 0.05 0.05
447D V3 loop 0.1 ) )
P3E1 V3 loop 03 ) )
P3C8 V1 loop 03 ) )
IgG1b12 CD4-bs 0.005 0.7 10
2F5 MPER 2 15 1

“The values indicate the MAb concentration at which a 50% inhibition of
infection was observed. (-), Inhibition of infection was not recorded at the
highest MAb concentration tested (10 pg/ml).

® Glc, glycan epitope; CD4-bs, CD4 binding site.

homologous neutralizing antibody responses (Table 1). De-
spite the development of broadly reactive NAbs, viral replica-
tion continued unabated in this animal (Fig. 1A). This suggests
that the virus replicating in this animal was escaping from the
action of serum NAbs. To examine this, we amplified 10 Env
clones from the plasma of animal C640 at 304 dpi and nine Env
clones at 643 dpi (time of death). Single-round competent
viruses expressing these Envs were generated, termed C640/
304 and C640/643, and their neutralization susceptibility to
longitudinally collected autologous sera was evaluated (Fig. 2).
As seen in humans infected with HIV (44), SHIVp6ops €5-
cape from the contemporaneous serum neutralization was ev-
ident. Thus, C640/304 and C640/643 were less susceptible than
SF162 to serum neutralization, irrespective of the time of se-
rum collection. C640/304 was resistant to neutralization by sera
collected prior to its isolation but was susceptible to neutral-
ization by sera collected at 643 dpi. C640/643 was similarly
resistant to neutralization by sera collected at 178 and 304 dpi
and only minimally susceptible to sera collected 643 dpi.

The C640/304 and C640/643 viruses were resistant to neu-
tralization by anti-V3 MAbs (447D and P3El) and to the
anti-V1 MADb P3C8, whereas the SF162 virus was highly sus-
ceptible to neutralization by these antibodies. Also, a gradual

v2 c2 V3 c3

V4 C4

FIG. 3. Temporal changes in specific gp120 Env regions. The number of amino acid changes in the conserved and variable regions of gp120
in animal C640 is shown. The number of Env clones amplified sequenced (in parentheses) from PBMC isolated at the indicated time points during
infection (dpi) are indicated. The number of changes at each Env region per dpi is the average from all of the Env clones sequenced. Env was also
sequenced from plasma RNA ([). Here we show the comparison of the number of AA changes in PBMC and plasma (RNA) at 643 dpi.
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increase in resistant to the anti-CD4-binding site MADb b12 was
evident, so that C640/304 was more resistant than SF162 and
C640/643 was more resistant than C640/304. In contrast, there
was no evidence that C640/304 or C640/643 were more resis-
tant to neutralization by MAb 2G12 (which binds a complex
glycan epitope on gp120) and to MAb 2F5 (which binds to
gp41). These results suggest that the reduced susceptibility to
serum neutralization of viruses circulating at 304 and 643 dpi
(C640/304 and C640/643, respectively) was due to escape from
antibodies that recognize distinct Env such as the V1 and V3
loops, and the CD4-binding site regions (Table 5). However,
additional experiments need to be performed in order to
clearly define the role in viral escape of the anti-V1 and V3
NADs present in these sera.

Viral Env evolution in SHIV, «,ps-infected macaques. The
results presented above suggested that the viral env evolved in
these animals in ways that allowed escape from the action of
diverse NAbs. Longitudinal amino acid sequence analysis of
the viral Env gp120 in animals C640 and A141 revealed the
stepwise appearance of changes at several gp120 regions (Fig. 3,
4, and http://www.sbri.org/research/stamatatos_pubs
_supplemental-figure_JV2007.asp). These changes initially ap-
peared in the C2, V1, V2, and V3 regions of gp120 and subse-
quently in the C3, V4, and V5 regions (Fig. 3). Some of the
changes persisted over time. The early changes observed in the
C2, V1, V2, and V3 regions appeared concomitantly with
the emergence of homologous neutralizing antibody responses
(Table 1), and therefore it is possible that the initial neutralizing
antibody response to SHIVgg,4,ps-infection targets these four
envelope regions, as has been previously reported in the case of
SIVsm-infected macaques (38). This would also explain the es-
cape of the C640/304 and C640/643 viruses from anti-V3 and
anti-V1 antibodies (Table 5).

Several amino acid changes altered the glycosylation pattern
of gp120 (Fig. 4 and unpublished data). In addition to allowing
the virus to escape the action of NAbs, some of the amino acid
changes may have allowed the virus to alter its cellular tropism.
For example, the Ala-to-Val change at position 279 (number-

Dpi (Env clones)
N 8 (n=6)
I 70 (n=6)
#8171 (n=8)
[ 304 (n=9)
72 451 (n=6)
V274 643 (n=8)
1643 RNA (n=21)
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FIG. 4. Env evolution in animal C640. The amino acid changes in viral Env gp120 over time in animal C640 are indicated. The numbering is
based on the SF162 Env sequence. The numbers shown on the right of each sequence indicate the number of Env clones with that particular
sequence, compared to SF162 Env, out of the indicated total number of Env clones amplified from PBMC and sequenced from the indicated day
of infection. Sequence changes over time are compared to the HIV-1 SF162 Env sequence, which is similar to that of SHIVgg,,p,. Highlighted

in gray are the positions of potential N-linked glycosylation sites.

ing based on the SF162 Env) (A279V) in C2 affects the binding
of gp120 to CD4 (21) and glycosylation changes in V1V2 can
alter the interaction of Env with receptor and coreceptor mol-
ecules (19, 25, 30). Also, the K158N change was previously
shown to be involved in the interaction of HIV-1 SF162 with
DCs (17).

The amino acid changes in Env gp120 recorded in animal
Al41 also appeared first in C2, V1, V2, and V3 regions of gp120
and subsequently in the C3, V4, and V5 regions (http://www.sbri
.org/research/stamatatos_pubs_supplemental-figure JV2007.asp)
and were located in the same Env regions as those in animal
C640, such as the base of the V1V2 region and the central part of
the V3 loop. Some of the changes, such as the A279V change in
C2 and the Lys-to-Asn change at position 158 (K158N) in V2,
occurred at the same exact Env position in viruses from both
animals. However, in contrast to what we observed in animal
C640, where a gradual increase in Env diversification was re-
corded over time, the viral Env in animal A141 evolved toward a
single species, that is, the majority of Env clones isolated from this
animal at the day of its death (670 dpi) had the same amino acid
sequence. Whether this is related to the gradual decrease of
plasma viremia over time in this animal (Fig. 1A) is not yet
known.

In animal ATS54, which displayed high plasma viremia and
rapidly progressed to AIDS, amino acid changes in Env occurred
primarily in the C2, V1, and V2 regions (http://www.sbri.org
/research/stamatatos_pubs_supplemental-figure_JV2007.asp). In-
terestingly, the A279V change in C2 and the K158N change in V2
substitutions occurred in this animal, as in C640 and A141, in the
absence of neutralizing antibody responses (Table 1). Therefore,
the emergence of these two changes in animals C640 and Al41
may not be due to pressure exerted by NAbs. As mentioned
above, these changes may allow the virus to expand its cellular
tropism.

Finally, in animal M844, which had undetectable plasma
viremia for the duration of observation (852 dpi) (Fig. 1A) the
viral Env did not sustain alterations (data not shown).

DISCUSSION

In this study we report that rhesus macaques infected with
the CCRS5-tropic SHIVgg 4ps Virus can develop broad anti-
HIV NAD responses. Our results are in general agreement
with those from human studies that broadly neutralizing anti-
body responses are not elicited during acute HIV infection (22,
37), although autologous NAbs develop as soon as a month
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after infection. The development of broadly reactive anti-HIV
NAbs has not been previously reported in the SHIV/macaque
animal model. One reason for this may be that the vast ma-
jority of SHIV/macaque studies have been conducted with
CXCR4-tropic and infection by such viruses results in the rapid
and irreversible elimination of CD4* T-cell lymphocytes and
progression to disease within months after infection, during
which time broadly reactive neutralizing antibody responses
are undetectable. Homologous and autologous NAbs develop
in SHIV89.6P-infected macaques (3). However, broad neutral-
izing antibody responses have not been generated in CXCR4-
tropic SHIV-89.6-, SHIV-89.6PD-, or SHIV-HXB2-infected
macaques over the time periods analyzed (28).

In addition to the duration of infection, another factor that
may influence the development of broadly reactive NAbs ap-
pears to be the extent of viral replication. This may not be the
case for homologous NAbs, since high titers of homologous
neutralizing responses can develop in the absence of robust viral
replication (animal A03102, Fig. 1A). Therefore, the develop-
ment of strong homologous neutralizing antibody responses
and the development of broad heterologous neutralizing anti-
body responses may not be linked, as studies conducted with
HIV-infected humans have suggested (12, 20, 29).

The extent and duration of viral replication influences the
extent and degree of viral Env evolution. This sustained evo-
lution of the viral env may gradually focus the humoral immune
response to Env epitopes that are conserved among diverse
HIV isolates. Alternatively, a sustained viral env evolution may
result in the emergence of Envs with specific structural fea-
tures which are conducive to the development of broadly re-
active NADbs. In addition, host genetic factors may also play an
important role in the development of both autologous and
heterologous NAbs.

Our results obtained in the SHIV g, 6,ps/macaque model are
in agreement with those obtained in humans infected with
HIV-1, in that the viral Env can sustain significant changes but
remain functional and allow the virus to escape the action of
neutralizing antibodies (44). In addition, our results suggest
that the HIV Env can evolve to simultaneously escape the
action of several NAbs, including several broadly reactive
NAbDs. The fact that, despite the development of broadly re-
active neutralizing antibody responses, the animals examined
here eventually experienced an irreversible loss of their CD4™*
T lymphocytes in the periphery and lymph nodes (Fig. 1) (5)
suggests that the development of broadly neutralizing antibody
responses during the chronic phase of HIV-1 infection may not
protect from progression to disease.

Our studies indicate that the virus evolved in the animals
examined here to escape the action of broadly reactive NAbs
such as b12. However, b12-like antibodies were not detected in
these animals (10). Most likely, the changes that occurred in
the CD4-binding site of Env may have indirectly altered the
b12 epitope. Also, we have no evidence that 4E10 or 2F5
antibodies were generated in the animals examined here. The
sequence of both epitopes remained unaltered during the
course of infection (data not shown). In contrast, low titers of
2G12-like antibodies were present in sera from animal C640
(10). Recently, another group reported that 2G12-like antibod-
ies are generated in HIV-infected humans (4). What protective
roles (if any) do 2G12-like antibodies play during HIV (or
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SHIV) infection is not currently known. Our future efforts will
focus on better defining the epitope specificity of the broadly
reactive NAbs generated in the animals described here and in
examining how their development affects viral replication ki-
netics in the host.

We expect that some of the Env changes observed not only
altered the neutralization susceptibility of the circulating virus
but also may have altered its cellular tropism (19, 25, 32). As
discussed above, some of the changes observed in the animals
that developed broad neutralizing antibody responses were
also observed in an animal that did not develop NAbs; there-
fore, they did not emerge in response to antibody-mediated
immune pressure. Some of these changes have been reported
to alter the interaction of Env with cell surface receptors. The
observation that amino acid changes initially emerged in the
V1, V2, C2, and V3 regions and subsequently in the C3, V4,
and V5 regions could therefore be explained in different ways.
It is possible that the initial antibody responses targeted the
V1-V3 region of Env. Alternatively, changes in the V1-V3
region, but not in the C3-V5 region, assisted the virus to ex-
pand its cellular tropism.

In our attempts to better understand how HIV and the
immune system of the infected hosts interact, it would there-
fore be important to distinguish the env changes that allow the
virus to escape antibody-mediated neutralization from those
that alter the cellular tropism of the virus.

In summary, we believe that the identification of an animal
model where broadly reactive anti-HIV NAbs are developed
provides us with the opportunity to examine how such anti-
bodies are developed, to identify factors that are conducive
to their development and potentially to develop methodol-
ogies to elicit such antibodies by vaccination. However, since
SHIVgp62p4 infection results in persistent viral replication
only in a subset of infected animals and since the development
of broadly NAbs appears to depend on the extent and duration
of viral replication in the host, it becomes imperative to de-
velop CCRS5-tropic SHIVs with better replicative potentials.
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